The interpretation of oligonucleotide array experiments depends on the quality of the target cRNA used. cRNA target quality is assessed by quantitative analysis of the representation of 5' and 3' sequences of control genes using commercially available Test arrays. The Test array provides an economically priced means of determining the quality of labeled target prior to analysis on whole genome expression arrays. This manuscript validates the use of a duplex RT-PCR assay as a faster (6 h) and less expensive (<US$10) but equally accurate alternative to the Test arrays in determining biotinylated cRNA quality. Forty-one different cRNA samples were hybridized to HG-U133A microarrays from Affymetrix. Ten cRNA samples with a ß-actin 3'/5' ratio >6 were chosen and classified as degraded cRNAs, and 31 samples with a ß-actin 3'/5' ratio <6 were selected as good quality cRNAs. Blinded samples were then used for the RT-PCR assay. After gel electrophoresis, optical densities of the amplified 3' and 5' fragments of ß-actin were measured and the 3'/5' ratio was calculated. There was a strong correlation (r 2 = 0.6802) between the array and the RT-PCR ß-actin 3'/5' ratios. Moreover, the RT-PCR 3'/5' ratio was significantly different (P < 0.0001) between undegraded (mean ± SD, 0.34 ± 0.09) and degraded (1.71 ± 0.83) samples. None of the other parameters analyzed, such as i) the starting amount of RNA, ii) RNA quality assessed using the Bioanalyzer Chip technology, or iii) the concentration and OD260/OD280 ratio of the purified biotinylated cRNA, correlated with cRNA quality. Key words
Analysis of the transcriptome using highdensity oligonucleotide arrays is an important tool for discovery in biology (1) . The preparation of the target cRNA is a multistep procedure that requires RNA isolation, first strand cDNA synthesis with an oligo(dT) primer bearing a T7 promoter, second-strand cDNA synthesis, and a final in vitro transcription using T7 RNA polymerase and biotinylated ribonucleotides. These enzymatic reactions are sensitive to the quality of the starting RNA, the intermediate cDNA template, the occurrence of endogenous priming, and the presence of impurities, such as RNases. Incomplete cDNA or cRNA synthesis usually results in 5' shortening of the target cRNA molecules (2) , which is difficult to assess using gel-based assays. To overcome this obstacle, microarray's oligonucleotide probes are usually selected among the last 600 nucleotides of the mRNA end, and cRNA target quality is assessed by quantitative analysis of the representation of 5' and 3' sequences of control genes, such as ß-actin, GAPDH, ISGF3, RGE, or TFRR. For quality control, Test arrays containing probe sets corresponding to the 5' and 3' regions of selected genes are generally used (e.g., TEST3 Chip; Affymetrix, Santa Clara, CA, USA). Here, the main quality criterion is the 3'/5' ratio. However, for 3'/5' ratio analysis, array technology may not be the most effective method and can be replaced by other quantitative approaches. RT-PCR has been successfully applied for semi-quantification (3) and quantification of RNA templates (4), and in a multiplex setting (5) . Its comparability to microarray data has been demonstrated (6, 7) . Since no dramatic changes in expression values from sample to sample were observed (8) and degradation of different RNA species is similar and correlates with the overall RNA degradation (9), analysis of ubiquitous housekeeping genes is a valid surrogate for overall degradation and incomplete cDNA/cRNA synthesis. RT-PCR permitted the confirmation of the loss of 5' complexity in RNA subjected to autolysis (10) . However, to our knowledge, no similar quality assessment of biotinylated cRNA by RT-PCR has been described. Here, we report a rapid, reliable and simple RT-PCR-based method for quality assessment of biotinylated cRNA.
cRNA was generated from total RNA from human blood mononuclear cells following standard protocols (11) . The Institutional Review Board approved these studies and informed consent was obtained from donors. Hybridization, washing, staining, and scanning of HG-U133A Affymetrix arrays were performed according to the Affymetrix instructions. Target cRNA quality was assessed by calculating the 3'/5' ratio value for the ß-actin gene (interrogation probes: AFFX-HSAC07/X00351_5_at and AFFX-HSAC07/X00351_3_at). A 3'/5' ratio of 6 was defined as the cut-off value to discriminate the poor quality target cRNAs. From our existing database, 10 samples with a 3'/5' ratio >6 were chosen and classified as degraded cRNAs, and 31 samples with a 3'/5' ratio of ß-actin <6 were selected as good quality cRNAs. Blinded samples were then used for the RT-PCR assay and the code was opened only after results were obtained and interpreted.
Primers were designed using the OLIGO 6.7 software (Molecular Biology Insights, Cascade, CO, USA): 204U, 5'-TGGTGGGC ATGGGTCAGA-3', and 453L, 5'-GTACA TGGCTGGGGTGTTGA-3' for the 5' ß-actin region (269 bp), and 1260U, 5'-AAC AAGATGAGATTGGCA-3', and 1696L, 5'-GACCAAAAGCCTTCATACAT-3' for the 3' region (456 bp), as shown in Figure  1B . For the duplex RT-PCR analysis, 500 ng of the biotinylated target cRNA (not fragmented) plus 1 µg of random hexamers were denatured for 2 min at 70ºC in a total volume of 12.5 µL, and then chilled on ice. Reverse transcription reactions were carried out in 20 µL containing 50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3.5 mM MgCl 2 , 0.5 mM dNTPs, 20 U recombinant RNase inhibitor (BD Bioscience Clontech, Palo Alto, CA, USA) and 200 U MMLV reverse transcriptase (BD Bioscience Clontech) at 42ºC for 1 h followed by 5-min heating at 80ºC to denature proteins. The cDNA thus obtained was diluted to a total volume of 100 µL with H 2 O and 3 µL was used for PCR. PCR was performed in 30 µL containing 50 mM KCl, 10 mM Tris-HCl, pH 8.3, 3.5 mM MgCl 2 , 0.1% Triton X100, 0.2 mM dNTPs, 1 U Taq polymerase (Fisher Scientific, Pittsburgh, PA, USA), 5 pmol of each primer, in a GeneAmp 9600 thermocycler (Applied Biosystems, Foster City, CA, USA). The cycling protocol consisted of 10 min at 95ºC for denaturation, followed by 6 cycles of annealing at decreasing temperatures from 65º to 60ºC (1ºC decrease every cycle) for 45 s, extension at 72ºC for 45 s and denaturation at 95ºC for 30 s. Subsequently, 19 cycles were performed with annealing at 59ºC for 45 s, extension at 72ºC for 45 s, and denaturation at 95ºC for 30 s. A final extension step for 5 min at 72ºC was included. Eight microliters of the PCR products was analyzed on a 2% agarose gel and visualized with ethidium bromide. For further semiquantitative analysis, densitometry was performed using the Kodak 1-D Image Analysis Software (Kodak, New Haven, CT, USA). The Student t-test and the Pearson correlation coefficient were applied to assess the significance of the results.
As described above, a duplex RT-PCR analysis was employed to amplify two PCR products corresponding to the 3' and 5' regions of ß-actin, predicted as 456 and 269 bp, respectively. The expected PCR products were detected in 40 of 41 target cRNA samples tested ( Figure 1A) . Sample 23 showed very weak amplification products even after several attempts. Since PCR conditions favor the amplification of the 5' ß-actin region, higher amounts of the 269-bp product were expected in cRNAs of the highest quality (e.g., samples 2, 3, and 26). A similar pattern was also observed for highquality total RNA (data not shown). By visual inspection, nine samples were clearly distinguished as having a higher amount of the 3' region (456 bp) than the 5' region (269 bp) PCR product. Measurement of all bands by optical density and calculation of their 3'/ 5' ratios, resulted in their clustering into two distinct groups. Most importantly, there was a strong correlation (r 2 = 0.6802) between the array (CHIP) and the RT-PCR ß-actin 3'/ 5' ratios ( Figure 1C) . As expected, all samples classified as degraded cRNAs by the array data were clustered into the RT-PCR higher ratio group. Furthermore, the 3'/5' ratio calculated by RT-PCR was significantly different (P < 0.0001) between the undegraded (mean ± SD, 0.34 ± 0.09) and degraded (1.71 ± 0.83) group as defined by the array data ( Figure 1D ).
With the exception of one sample (sample 20), all other degraded samples had a 3'/5' RT-PCR ratio above 0.95. Sample 20 had a 3'/5' RT-PCR ratio of 0.78. All undegraded samples presented a 3'/5' RT-PCR ratio lower than 0.47. Therefore, an empirical cut-off point for the RT-PCR assay could be set at 0.65.
As shown in Table 1 , the quality of the cRNA obtained was not associated with the starting amount or quality of RNA used, as nearly all samples (except one; sample 23) were qualified as excellent using the Bioanalyzer Chip technology (Agilent, Palo Alto, CA, USA). Likewise, the concentration and Data are reported as means ± SD or as median with range in parentheses. Samples were classified as degraded (3'/5' ratio >6) (bad quality) or undegraded (3'/5' ratio <6) (good quality) using a threshold of 6 for the 3'/5' ratio of ß-actin on the oligonucleotide Affymetrix CHIP. The amount of starting material for cRNA synthesis reactions as well as the concentration and OD260/OD280 for the resulting cRNA are indicated.
OD260/OD280 ratio of the purified biotinylated cRNA are not related to the quality of the cRNA. Finally, we could not assess the cRNA quality using gel-based systems since evaluation of smear shapes is very subjective (data not shown). In summary, this fast, inexpensive and simple RT-PCR predicted the quality of the cRNA comparable to the 3'/5' ratio of the Affymetrix test arrays. None of the other parameters analyzed correlated with the 3'/5' ratio of the cRNA.
